Abstract. Axisymmetric synthetic jet actuators based on a loudspeaker and on two types of flanged nozzles were tested and compared experimentally. The first type of the nozzle was a sharp-edged circular hole. The second one had a special design with fillets at inner and outer nozzle exit and with a small step in the middle of the nozzle. The function of the step was to prevent the flow reattachment during the extrusion stroke. The actuators with the two types of nozzles were operated at resonance and were compared first qualitatively using a simple phase locked flow visualization. Then the hot-wire anemometer was used to measure velocity distributions along nozzle axis and velocity profiles at the nozzle exit. Comparison of the nozzles was based on evaluation of the characteristic velocity and integral quantities (volumetric, momentum, and kinetic energy fluxes). It was found out that these quantities, which were evaluated at the nozzle exit, differ substantially for both nozzles. On the other hand the velocity flow field in farther distances from the nozzle exit area did not exhibit such prominent differences.
Introduction
Synthetic jets (SJs) are fluid flows that are created by fluid pulsations and are formed in a free space behind a nozzle. The fluid is periodically pushed and pulled through the nozzle, whose one end exits into a cavity. The source of the pulsations is an oscillating diaphragm that bounds one side of the cavity. The nozzle is the only inlet/outlet in/from the cavity, therefore time mean mass flux through the nozzle is zero. It is the reason, why the SJs are sometimes called zeronet-mass-flux jets. The momentum flux along the nozzle axis is, however, non-zero. It causes the flow continuation ahead downstream from the nozzle exit and formation of a jet flow similar to the continuous jet.
Since the end of the last century, the topic of synthetic jets has been intensively investigated [1, 2] and many potential applications of SJs have been developed. The potential applications have been found especially in boundary-layer separation control [3] [4] [5] [6] [7] [8] [9] [10] , jet vectoring [11] [12] [13] [14] [15] [16] , heat transfer enhancement [17] [18] [19] [20] [21] [22] , and mixing [23] [24] [25] . A variant of the SJ, namely a non-zero-net-mass-flux jet (or hybrid SJ), has been investigated more recently [26-28, 21, 29-31] .
If the synthetic jet actuators based on elastic diaphragms (e.g. based on a loudspeaker or a piezoceramic membrane etc.) and input/output energy balance are considered, then the most advantageous operating conditions are found at a resonance. Therefore, many authors concentrated their efforts on location and prediction of the SJ actuator resonances (see e.g. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] ). Having a SJ actuator operating at a resonance frequency, there still exist other ways how to enhance its exploitable outlet quantities such as volumetric flux, momentum or kinetic energy fluxes. This will be the a e-mail: kordik@it.cas.cz topic of this work. Particularly, this paper investigates the axisymmetric SJ actuators based on a loudspeaker and working at the first resonance. Under these conditions two types of flanged nozzles are tested within the actuator. The first type of the nozzle is a common sharp-edged circular hole and the second one possess fillets at inner and outer nozzle exit. The second nozzle was designed to have a lower hydraulic resistance and therefore, higher mentioned integral quantities (volumetric flux, momentum and kinetic energy flux) are anticipated. This paper is going to reveal whether this design is advantageous according to the expectations.
Observed Parameters
The first parameter, which is going to be observed and evaluated from the current experiments is the characteristic velocity of the SJ. This velocity is evaluated as follows:
where S n is the nozzle exit cross-sectional area (dS is the differential element of S n ), u denotes the instantaneous velocity component aligned with the nozzle axis, T E is the extrusion stroke duration time, T is the actuation period, and the area-averaged velocity 1 S n S n udS has the origin at t = 0 (t is time).
A more simple evaluation of the SJ characteristic velocity can use a slug flow model approach, and the definition can be based on a point measurement of the centerline velocity waveforms only: Note that this relatively simple evaluation will be used for quantification of the velocity resonance curves -see paragraph 4.1 in the text below. The other parts of this study use more complex definition Eq. (1) which requires measurements of the velocity profiles across the jet.
The integral quantities, which are going to be analyzed, are: the time-average volumetric flux (Q 0 ), momentum flux (M 0 ), and kinetic energy flux (E 0 ):
where ρ is the working fluid density. Note, that the interval (0, T E ) can be a bit different for each quantity Q 0 , M 0 , and E 0 . Generally, the interval represents time periods where the surface integrals from Eqs. (3, 4, 5) are greater or equal to zero. Figure 1 shows the schematic view of the tested SJAs that were operated at standard room conditions (temperature 20 − 25
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• C and barometric pressure 97 − 99 kPa) with air as the working fluid. The present actuators are based on a Aurasound NS3-193-8A loudspeaker, whose diaphragm generates the fluid oscillations in the nozzles. The main difference between the actuators dwells in their nozzle shapes. The first nozzle (case A) is a cylindrical hole -no special amendments lowering the hydraulic resistance are applied. The nozzle has a cylindrical shape and is sharp-edged at both flange surfaces. The second nozzle (case B) was designed with the aim to decrease the hydraulic resistance in both fluid flow directions. Therefore, the nozzle is rounded at its both surfaces. Moreover, as figure 1b shows, a small step in the middle of the nozzle that was designed to define flow separation from the step edge (i.e. to prevent the flow reattachment to the rounded wall) during the extrusion stroke. The narrowest cross-sectional area is the same for both tested nozzle shapes (the diameter is D n = 10mm).
During all experiments, the loudspeaker of the actuator was supplied by a harmonic electric current generated by Agilent 33220A function generator and gained in Pioneer A-209R amplifier. The experiments were performed at constant electrical power input into the actuator, P e . Three input power levels were used P e = 0.11, 0.50, and 0.54W.
Data Acquisition and Hardware Setup
To get a qualitative view on flow field patterns issuing from both tested nozzles (case A, case B), a simple flow visualization was conducted before quantitative hot-wire measurements. The visualization method used cold water fog produced by an ultrasonic piezoelectric nebulizer (Mini Nebler). The fog was blown at speed of 0.2 m/s from the nebulizer using two supply pipes into the surroundings of the SJ orifice (fog supply spots are shown in figure 1a) . The phase-locked SJ flow field patterns were observed under power-LED flashes synchronized with the actuator excitation frequency at an adjusted phase angle. Pictures were taken by a digital camera connected to a PC via an USB cable, using exposure time of 8.0s. The resulting photo is a multi-exposure of a large number of frames (typically 440 frames), which shows the phase-locked feature of the flow field and smoothing out of the deviation fluctuations in the individual cycles.
The MiniCTA 54T30 DANTEC hot-wire anemometer with a single wire probe 55P16 and the NI-PCI 6023E data acquisition device were used for this measurement. The hot-wire signal was sampled with a sampling frequency of f · 128 and the number of samples was 25600. The temperature of the working fluid (air) was measured using a fast-response Pt100 sensor (PT100-SMD0805) at the same time as the velocity samples. The measured temperature was used for the temperature correction of the hot-wire data. To evaluate and check the constant power input into the actuator, the supplied electric current and voltage were acquired concurrently with velocity and temperature samples.
After the identification of the velocity resonance frequency, the actuators were tuned to the resonance and velocity distributions along the x-axis were measured at power input of P e = 0.11W. The same experimental equipment and hardware setup as during auxiliary experiments was used.
At the same power level and frequency the velocity profiles were measured across the jet at the distances of x = 0.3 mm, x = 13 mm, and x = 26 mm. The velocity profiles measured at the distance x = 0.3 mm were acquired at 14 discrete positions along the nozzle diameter and the data were used for evaluation of U 0 and the integral quantities defined by Eqs. (3, 4, 5) .
For all measurements the hot-wire probe was calibrated in the velocity range of 0.15 -62 m/s. The maximum relative uncertainty of a single velocity sample was below 5% for velocities in range of 0.4 -62 m/s. For very small velocities in the range of 0.15 -0.4 m/s the uncertainty was 17.2%. A more detailed description of the anemometer settings, probe calibration method, and uncertainty evaluation is available in [42] . 
Experimental Results
Auxiliary Experiments
The measured velocity resonance curves for identification of particular resonance frequencies are shown in figure 2 . The two curves in figure 2 were acquired at constant power input into the actuator: P e = 0.5W for both SJA cases A and B. It was found out that the resonance frequency was the same for both nozzle types: f = 55Hz. We can extend this result also for other tested power levels, because as was shown in [31] the resonance frequency is nearly independent of the supplied power-input.
Main Experiments and Discussion
After identification of the resonance frequencies, SJs from both actuators (case A and B) were visualized by a water fog. The visualizations were performed at one power input level: P e = 0.11W and at f = 55Hz (the resonance frequency). The resultant pictures are shown in figure 3 for case A and in figure 4 for figure 4 starts at x/D n = 1). Therefore, the initial vortex formation in the nozzle exit vicinity can not be observed. Apart from this phase shift there is no other remarkable qualitative difference between the visualized fluid flow patterns of both cases.
In the central column of Figs. 3 and 4 the distributions of instantaneous, u, and time-averaged velocities, u, along the jet axis are shown. The traveling velocity maximum on these graphs roughly correspond with the vortex core position visualized by the water fog. Similarly as during the visualization, no distinct differences in the velocity distribution along the nozzle axis were found for both cases A and B.
The right parts of Figs. 3 and 4 show the velocity profiles measured at distances x = 0.3 mm, x = 13 mm, and x = 26 mm. The measurements of the velocity profiles revealed several differences in the flow fields formed downstream from the both nozzle types. The velocity profiles measured at x = 0.3 mm are more flat during the extrusion stroke for the case B (rounded nozzle type), this will be important in evaluation of the integral quantities Q 0 , M 0 , and E 0 , as it is shown below.
The velocity profiles measured at x = 13 mm are also very different. While in case A (plain nozzle) the suction phase of the actuator does not affect the velocity profile at this distance, negative velocities for ϕ = 180
• − 360
• can be observed in case B. This is caused by the proximity of the additional wall with the rounded edge (see figure 1) .
The differences between velocity profiles nearly disappear at the distance of x = 26 mm. This can be also observed in Fig. 5 where the time-mean velocity profiles measured at x = 26 mm (i.e. x/D n = 2.6) are displayed. The slight differences between the velocity profiles in figure 5 are within the measurement error, therefore, we can conclude that the profiles are practically identical.
The comparison of the integral quantities evaluated from the velocity profiles at the nozzle exit (more precisely at x = 0.3 mm) offers the most prominent differences. The results are listed in table 1. The nozzle associated with case B exhibited higher values in all observed parameters and quantities. The increase in U 0 and Q 0 was more than 18%, even higher increase was found for M 0 and E 0 : 43.2% and 70.8%, respectively. This is a quite big difference, which shows the importance of evaluating these integral quantities from the velocity profile. For example, the velocities U 0 evaluated from the centerline waveforms at resonance -see e.g. figure 2 are practically identical, but the integral evaluation of U 0 shows the difference of 18.5%. Although the differences in the quantities from table 1 are large, figure 5 shows that differences between velocity profiles measured at x/D n = 0.26 are negligible. Obviously, these differences cannot be explained without additional and more complex measurements in the near future.
Conclusion
Two types of flanged nozzles for a SJA were tested. The first type of the nozzle was a sharp-edged circular hole (case A) and second was the rounded nozzle (case B), which had a special design with fillets at inner and outer nozzle exit and with a small step in the middle of the nozzle (case B). The investigated actuator that was based on a speaker and worked at resonance and at a constant power input. Three input power levels were used: P e = 0.11W, 0.5W, and 0.54W.
A phase locked flow visualization and hot-wire measurements were used for the qualitative and quantitative testing. Velocity profiles for the rounded nozzle (case B) and acquired at x/D n = 0.03 were more flat during the extrusion stroke. Moreover, in case B, fluid suction influenced the velocity profile measured at x/D n = 1.3, nothing similar was observed with the plain nozzle (case A).
The evaluation of the characteristic velocity and the integral quantities (volumetric flux, momentum flux, and kinetic energy flux) showed the most prominent differences between the nozzles. These quantities were evaluated from the velocity profiles measured at x/D n = 0.03 and were always higher for the rounded type of the nozzle. A relative increase in the integral quantities was following: 18% (volumetric flux), 43.2% (momentum flux), and 70.8% (kinetic energy flux). On the other hand, the velocity profiles of the both tested cases A and B are nearly identical in the far field. To explain these facts, more complex measurements seem to be needed.
